Summary tions (analysis and visualization) with compressed structures is strongly dependent on rapid and at times We introduce a new and unified, compressed volulocal decompression in the respective addressable metric representation for macromolecular structures memories of the computer's processing units. Hence at varying feature resolutions, as well as for many comfor applications requiring interactivity, one focuses on puted associated properties. Important caveats of this the construction of highly compressed, feature-precompressed representation are fast random data acserving representations, coupled with the capability to cess and decompression operations. Many computa- Volumetric electron density representations of maclar structure and properties and especially in their use for interactive applications. Moreover, we also demonromolecular structures, at low or medium resolutions, are additionally available as reconstructed 3D maps strate that our new HB wavelets yield better compression tradeoffs than previously used compression from tomographic electron microscopy or single particle cryo-EM (Frank, 1996). There is a growing number schemes based on Haar wavelets. of these 3D maps being deposited into the PDB and the EBI. The molecular surface of such reconstructed
Volumetric electron density representations of maclar structure and properties and especially in their use for interactive applications. Moreover, we also demonromolecular structures, at low or medium resolutions, are additionally available as reconstructed 3D maps strate that our new HB wavelets yield better compression tradeoffs than previously used compression from tomographic electron microscopy or single particle cryo-EM (Frank, 1996) . There is a growing number schemes based on Haar wavelets. of these 3D maps being deposited into the PDB and the EBI. The molecular surface of such reconstructed Results and Discussion 3D maps of macromolecular structures can also be generated as a suitable isosurface. Again, visualizaWe construct HB over 3D domains in the context of second generation wavelets (Sweldens, 1998) . These tions of these maps can be generated using isosurface or volume renderings. Figure 4 shows the outer capsid wavelets are constructed to be adapted to the local geometry and are easy to implement. They exhibit a layer of a Rice Dwarf Virus (RDV) map, reconstructed from single particle cryo-EM, and visualized using volhigh degree of accuracy as well as high compression ratios. In subsection "Hierarchical Basis and Compresume rendering.
Associated volumetric properties of high-resolution sion Scheme," we provide a discussion on wavelets, the sparsification strategy, and the encoder we have macromolecules such as electrostatic The main contribution of this paper is to demonstrate that our new HB wavelets provide high feature-preserv-
Hierarchical Basis and Compression Scheme
The compression scheme can be broken in two steps. ing compression balanced with a rapid and local decompression capability when applied to macromolecuFirst, the data have to be sparsified using a suitable we devise the strategies for the compression of molecular data. The linear HB representation we construct is bedded domain at different levels of resolution. However, this is not a very efficient way to represent a essentially an adaptive mesh representation. However, most adaptive meshes are discontinuous, unless a function and can be very costly in terms of the number of scaling functions needed to approximate the moleccomputational expensive step is used a priori to avoid discontinuities. These discontinuities lead to artifacts ular map. This motivates us to look at the differences between one level of resolution and the next. Instead for the visualization of molecular volumes and surfaces; in particular, the isosurface extraction would be very of representing a molecular map at a single high-resolution level, we transform it into a very coarse approxipoor. In contrast, the HB wavelet representation itself is continuous. mation (i.e., level zero) and the differences between each level of resolution. The functions that describe these differences are called the wavelets. In compariEncoding, Decoding, and Fast Random Access As with all compression schemes, a suitable encoding son to the scaling functions, the coefficients associated with the wavelet exhibit fast decay for smooth data. If of the nonzero wavelets is a necessary step. Many such schemes have been developed for efficient transmisa molecular map contains a discontinuity, the neighborhood wavelet coefficients are in general large, but away sion of compressed data streams. In Figure 1 we demonstrate compression results for bits," while the significance information of the detail coefficients of each non-null detail node is stored in addia synthesized 256 3 map of the large ribosomal subunit (PDB: 1JJ2) with a decay rate of B = − 1. Notice that tional bits. Nevertheless, since the encoding is limited to Haar wavelets, unpleasant and visual artifacts apthis is the minimum resolution needed to avoid unwanted volume rendering artifacts. Of interest in this pear at moderately high compression ratios. To solve this problem, a novel encoding scheme is created on molecule are the Aminocyl, Peptidyl, and Exit active sites on the ribosome. If one looks carefully, the left the basis of zero-bit encoding for HB linear wavelets.
The wavelet coefficients are assumed to be mostly images for Figures 1A-1D show some degradation of the active sites as compression is increased. This can zero, with a few localized nonzero coefficients, as shall be the case for a large number of volumetric maps. be explained by the smoothing operation of volume rendering algorithms. However, errors are more clearly Under this assumption, a multiresolution encoding scheme can be built to optimally access the concenseen for the isosurface renderings.
To show the effect of compression on the isosurface, trated information. In this encoding scheme, the rectan- we synthesize a 512 3 electron density map from the EM. The dataset dimension is 241 × 481 2 with a resolution of 6.8 Å. In Figure 4A , on the right image we show large ribosomal subunit (PDB: 1JJ2) with a rate of decay of B = − 5. For this rate of decay, the atomistic dea volume rendering of the original RDV cryo-EM map. In addition, on the left image, an isosurface shows the tails can be distinguished. A smaller grid resolution would lead to highly degraded isosurface. In Figures trimeric unit of the virus. In Figures 4B-4D , compression results for three different thresholds are shown. 2A-2D, we show the volume rendering of the A, P, and E active sits and an isosurface of a nucleotide on these High visual accuracy of the structure of the virus can be observed even at a compression ratio of 57:1. In sites. As the compression increases, it is clear that the atomistic features degrade. However, even at high Table 2A , we present numeric data of our compression algorithm for more threshold levels. compression many of the atomistic features can be distinguished.
We finally test the HB representation with zero-bit encoding on the potential field of the large ribosomal subAnother interesting feature to observe is the compression capabilities of our scheme with respect to unit (PDB: 1JJ2). This molecular map was created from a Poisson-Boltzmann solver (Baker et al., 2001) . In maps of varying resolutions. In Tables 1A-1C , compression results for the large ribosomal subunit (PDB: 1JJ2) Table 2B , we observe that the CR increases as the PSNR falls. However, even at high compressions ratios electron density map at rates of decay B = −5, −2, −1. For a fixed threshold level, we observe that both the the image quality degrades very slowly, as shown in Figures 5A-5D .
PSNR and CR increase with a decrease in resolution (by changing B).
For sake of completeness, we compare our continuous zero-bit HB scheme with the zero-bit Haar In Figure 3 , compression results for a 1.2 million atom microtubule structure are shown. Much of the overall compression method that to our knowledge is the only other compression-based interactive algorithm availstructure is preserved at high compression ratios of around 130:1. However, many of the atomistic details able. We choose the same data that were produced for Figure 2 . It is clear from Figure 6 that at high compresare lost and the whole structure seems to loose resolution. sion, our method preserves the structure well. On the other hand, blocky artifacts are seen in the Haar case Our HB scheme is applied on a 3D map of the Rice Dwarf Virus, reconstructed from single-particle cryoas the wavelets are discontinuous. Table 2 , the errors clearly increase with higher compression.
In Table 3 , we show random access timing test cases lution maps in both the PDB and EBI. The added value of fast decompression time yields the necessary ingrefor our method tested on the electron density map of the large ribosomal subunit (PDB: 1JJ2), with varying dient for enabling interactive visualization performance on current desktop computers. Our future work is prerates of decay. The four test cases are as follows: dominantly in the development of computational analysis algorithms that work directly from HB compressed • t 1 : The average time of 1000 random accesses of a voxel from the compressed format. volumes of bio-molecules and associated properties, with fast decompression. We are also interested in the • t 2 : The average time of 1000 random accesses of a full cell from the compressed format. development of interactive visualization techniques which optimally utilize the faster bandwidth of pro-• t 3 : The average time of 1000 random accesses of a voxel inside a cell, where the cell was chosen at grammable graphics hardware, commonplace on most desktop computers. random from the uncompressed format.
• t 4 : The average time to decode the entire compressed volume (512 3 ) for 10 runs.
Supplemental Data
Supplemental Data include five movies and can be found with this These timings were run on an SGI ONYX2 system using article online at http://www.structure.org/cgi/content/full/13/3/463/ a single processor. As observed, to decode a single DC1/.
voxel, the slowest case is t 1 . However, for most volume rending and isocontouring applications it is more efficient to decode an entire cell since many neighboring 
